1. Introduction {#sec0005}
===============

It is speculated that bats are an important reservoir host for several viruses, such as Ebola virus (family *Filoviridae*, genus *Ebolavirus*), Marburg virus (family *Filoviridae*, genus *Marburgvirus*), severe acute respiratory syndrome coronavirus (SARS-CoV; family *Coronaviridae*, subfamily *Coronavirinae*, genus *Betacoronavirus*), Middle-East respiratory syndrome coronavirus (MERS-CoV; family *Coronaviridae*, subfamily *Coronavirinae*, genus *Betacoronavirus*), porcine epidemic diarrhea coronavirus (PED-CoV; family *Coronaviridae*, subfamily *Coronavirinae*, genus *Alphacoronavirus*) and Hendra and Nipah viruses (family *Paramyxoviridae*, genus *Henipavirus*). There is evidence that many of these viruses have been transmitted from bats to other hosts where they caused serious disease ([@bib0050], [@bib0030], [@bib0190]). Over 200 different viruses from 27 families have been detected in bats \[reviewed in ([@bib0140])\] but most of these viruses have yet to be isolated and there is scant information regarding the biology of these viruses in bats.

Bats are genetically diverse and are found dispersed across much of the planet. With over 1200 species, bats display major differences in their behavior, feeding habits and the viruses they harbor \[reviewed in ([@bib0140])\]. Very little is known, however, about bat immune responses and if these differ across genera and species. Currently a single bat cell line (Tb1-Lu, ATCC number CCL-88, derived from the lung of *Tadarida brasiliensis*) is available through the American Type Culture Collection. Research groups have established other bat cell lines, from fruit and insectivorous bats using established techniques such as using the *SV40* T-antigen and expressing human telomerase reverse transcriptase (hTERT), but these are not commercially available yet ([@bib0040], [@bib0090], [@bib0120]).

Bats are the only mammals capable of true flight and as such they may have unique physiological adaptations. For example, they display unique strategies for neutralizing the DNA-damaging by-products of oxidative metabolism produced as a result of increased metabolic activity ([@bib0170]). Zhang et al. hypothesize that bats have evolved and accumulated genetic changes as a result of their adaptation to flight. This is to limit collateral damage caused by by-products of an elevated metabolic rate ([@bib0205]). These genetic changes may be important in the expansion and contraction of important gene families, including genes involved in the innate response pathway ([@bib0205]).

North American bat species are at risk of drastic population depletion due to white-nose syndrome ([@bib0100], [@bib0010]) and conducting terminal *in vivo* experiments might not be entirely possible in future. Establishing stable bat cell lines would provide an alternative for conducting *in vitro* host-pathogen studies. Experiments using cultured bat cells could provide useful preliminary information on bat innate immune defense responses, virus-cell interactions and cellular physiology.

There are several established methods for immortalizing primary cells. The first involves the introduction and stable expression of genes coding for the Simian virus 40 (*SV40*) large T antigen (SV40Tag). The large T antigen binds to and attenuates the tumor suppressor protein p53 and proteins of the retinoblastoma tumor suppressor family (pRb, p130 and p107). This promotes DNA replication and cell division. This method has been used to immortalize cells from a number of species including human ([@bib0125]), rabbit ([@bib0165]) and rat ([@bib0110]).

The second method involves the introduction and stable expression of the catalytic subunit of the human telomerase reverse transcriptase (hTERT). Ectopic expression of hTERT has been successfully used to immortalize primary cells in a range of mammalian species such as goat mammary epithelial cells ([@bib0070]) and canine Schwann cells ([@bib0175]). This enzyme subunit prevents the shortening of telomeres with repeated cell divisions and thus prevents cellular senescence.

Here we describe a method for establishing and characterizing a kidney cell line (Efk3) from *Eptesicus fuscus* (the N. American Big brown bat) using the *Myotis polyomavirus* T antigen (MyPVTag). We characterized the capacity of MyPVTag to enhance DNA replication in Vero cells and found that it significantly increased their DNA content. We then transfected MyPVTag into primary bat kidney cells and sub-cloned several cell lines. We characterized the lineage of these clones and tested their expression of the interferon beta (IFN beta) gene in response to polyinosinic-polycytidylic acid (poly(I:C)) stimulation. We further tested three cloned kidney cell lines for their ability to support the replication of viruses from the families *Coronaviridae*, *Herpesviridae* and *Rhabdoviridae*. The parental cell line and clones were capable of expressing IFN beta and supported the replication of viruses such as vesicular stomatitis virus (VSV; family *Rhabdoviridae*, genus *Vesiculovirus*), herpes simplex virus (HSV; family *Herpesviridae*, subfamily *Alphaherpesvirinae*, genus *Herpesvirus*), PED-CoV and MERS-CoV. PED-CoV and MERS-CoV are viruses for which transmission from bats, either directly or via an intermediate reservoir, has resulted in high mortality in pigs ([@bib0115]) and humans ([@bib0035]), respectively. VSV and HSV are members of viral families that have previously been detected in bat species \[reviewed in ([@bib0140])\]. Although *E. fuscus* primary embryonic cells have been described before ([@bib0155]), to our knowledge, this is the first cell line established from a northern latitude insectivorous bat that was transformed by using a viral element (MyPVTag) selected from a known bat virus. Furthermore, the established kidney cell lines were able to support the replication of selected viruses from three different virus families.

2. Materials and methods {#sec0010}
========================

2.1. Ethics statement {#sec0015}
---------------------

All procedures related to the handling and euthanasia of bats were submitted to and approved by the Committee on Animal Care and Supply of the University of Saskatchewan Animal Research Ethics Board (protocol \#20090036) and were in accordance with regulations approved by the Canadian Council on Animal Care.

2.2. Cell culture {#sec0020}
-----------------

A moribund male *E. fuscus* bat submitted to the laboratory was humanely euthanized. Brain, liver, lungs, spleen and kidney were harvested. Each organ was finely minced, and incubated at room temperature in 0.5% trypsin-EDTA (Gibco, USA) with agitation. Periodically cells were recovered after neutralizing trypsin with fetal bovine serum (FBS; Seradigm, USA) added to 5%. Cells were resuspended in Dulbecco tm)s Minimal Essential Medium (DMEM; Corning, USA) containing penicillin (Gibco, USA), streptomycin (Gibco, USA) and amphotericin B (Sigma, USA), placed in 75 cm^2^ flasks (Cellstar, Germany) and incubated at 37 °C in an atmosphere of 5% CO~2~. Only kidney cells grew to form a monolayer. These cells were recovered by trypsinization, diluted 1/3 and re-plated. Cell samples at various passages were cryopreserved in DMEM containing 10% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (EMD Chemicals, USA).

Bat kidney cells were immortalized by using ViaFect (Promega, USA) to transfect cells with either 2.5 α/4g of pcDNA3 (Invitrogen, USA) empty vector or plasmids expressing either *SV40* large T-antigen (SV40Tag) or *Myotis polyomavirus* large T-antigen (MyPVTag). Transfected cells were cultivated in DMEM containing 10% FBS and Geneticin reagent (InvivoGen, USA). Only cells transfected with MyPVTag continued to replicate. Cells were confirmed to be *E. fuscus* cells by amplifying and sequencing a segment of mitochondrial cytochrome b transcripts ([@bib0150]). MRC5 cells (ATCC CCL-171) were cultured in MEM medium (Corning, USA) supplemented with 10% FBS (Seradigm USA), 1/100 non-essential amino acids (NEAA; Gibco), 1/100 (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Gibco) and 1/1000 gentamycin (Gibco, USA). Vero cells (Elaine Van Moorlehem, Vaccine and Infectious Disease Organization • International Vaccine Center (VIDO-InterVac)) were cultured in DMEM with Glutagro (Corning, USA) supplemented with 10% FBS (Seradigm, USA) and penicillin/streptomycin. All cell lines were checked and controlled for mycoplasma by a semi-nested PCR (described below).

2.3. Chromosome spread {#sec0025}
----------------------

Efk•3B cells were seeded at a concentration of 5 í 10^5^ in a T-75 flask. The cells were grown up to 80% confluency and treated with 0.1 α/4g/ml Colcemid (Roche, USA) as mentioned previously ([@bib0085]). The cells were processed, spread on slides and chromosomes were stained with Giemsa staining solution as mentioned previously ([@bib0085]).

2.4. Plasmid cloning {#sec0030}
--------------------

The MyPVTag was amplified from the *Myotis polyomavirus* whole genome (National Centre for Biotechnology Information (NCBI), Accession number [NC_011310.1](ncbi-n:NC_011310.1){#intr0005}) cloned in a TOPO vector (Invitrogen, USA) and sub-cloned into a pcDNA3 (Invitrogen, USA) backbone. SV40Tag (a generous gift from Ivan Sadowski, University of British Columbia) was also sub-cloned in pcDNA3. The pcDNA3 plasmids encoding the T-antigens were used for transfection studies.

2.5. Flow cytometry {#sec0035}
-------------------

To quantify DNA in T-antigen (T-ag) transfected Vero cells, the cells were seeded at a concentration of 5 í 10^5^  cells/well in 6-well plates. The cells were transfected with 2.5 α/4g of either SV40Tag (SV40Tag in pcDNA3), MyPVTag (MyPVTag in pcDNA3) or pcDNA3 using Lipofectamine 2000 (ThermoFisher Scientific, USA). The cells were harvested and prepared for flow cytometry twenty-four hours after transfection. Briefly, cells were harvested and re-suspended in Dulbecco tm)s Phosphate-Buffered Saline (DPBS) (ThermoFisher Scientific, USA). Cells were fixed in 70% ice-cold ethanol for 30 mins and stained for the respective T-antigens using 0.8 α/4g/ml mouse anti-SV40Tag (cross-reactive for SV40Tag and MyPVTag) (Molecular Probes, USA). The secondary antibody cocktail contained 0.01 mg/ml propidium iodide (Molecular Probes), 0.2 mg/ml RNase A (Sigma, USA), 4.0 α/4g/ml goat anti-mouse immunoglobulin-Alexa488 conjugate (Molecular Probes) and 0.1% Triton X-100 (Sigma, USA) in DPBS. The cells were filtered through 64 α/4m nylon mesh prior to analyses. For analyzing the cell lineage of the clones, intracellular staining using the commercial BD fixative (BD Biosciences, USA) was carried out following the manufacturer tm)s recommendation. Murine monoclonal antibodies against vimentin (1/200 dilution of Monoclonal anti-vimentin, clone VIM 13.2, mouse ascites fluid IgM) (Sigma-Aldrich, USA) and cytokeratin were used (1/200 dilution of monoclonal anti-cytokeratin 8.13, clone K8.13, mouse ascites fluid IgG2a isotype) (Sigma, USA). Secondary antibodies used were 0.625 α/4g/ml goat anti-mouse IgM (α/4)-FITC conjugate (Caltag/Invitrogen, USA) and 0.25 α/4g/ml goat anti-mouse IgG2a-FITC conjugate (Caltag/Invitrogen, USA). Cells were analysed using FacsCalibur (BD Biosciences, USA) with forward scatter detection using a photodiode with 488/10 nm bandpass filter and side scatter detection PMT with Brewster-angle beam splitter. FITC was detected with a 488 nm laser and 530/30 nm band pass filter. For each sample 50,000 events were accumulated and analyzed with CellQuest Pro (BD Biosciences, USA).

2.6. Nucleic acid extraction, PCR and qRT-PCR {#sec0040}
---------------------------------------------

All RNA extractions were performed using the RNeasy Plus Mini kit (QIAGEN, Germany) as per manufacturer tm)s instructions. cDNA was prepared using the QuantiTect Reverse Transcription kit (QIAGEN) as per manufacturer tm)s instructions. One α/4g of RNA was used for cDNA preparation. cDNA was used as a template for the quantification of target genes. Conventional PCR (polymerase chain reaction) to determine the cell lineage of the clones was performed using primers specific for *E. fuscus* vimentin (BBB•Vimentin•F•TCAAGAATACCCGCACCAACG and BBB-Vimentin•R• ACTGCTGACGGACGTCGCGC) and cytokeratin (BBB-Cytoker•F• GAAGACCTACAAGGTGTCCAC and BBB-Cytoker•R•CCATCTCGGGTCTCAATCTTC). Primers were designed using the annotated *E. fuscus* genome on NCBI (Accession No. vimentin • [XM_008148829.1](ncbi-n:XM_008148829.1){#intr0010}; cytokeratin • [XM_008140727.1](ncbi-n:XM_008140727.1){#intr0015}). After initial denaturation for 3 min at 94 °C, the remaining 35 PCR cycles were at 94 °C/30s, 60 °C/30 s and 72 °C/1 min. The final extension was at 72 °C for 10 min.

Conventional PCR for the detection and identification of *E. fuscus* cytochrome B was performed using primers CytB US • CCCCHCCHCAYATYAARCCMGARTGATA and CytB DS • TCRACDGGNTGYCCTCCDATTCATGTTA. After initial denaturation for 3 min at 94 °C, the remaining 35 PCR cycles were at 94 °C/30s, 55 °C/30 s and 72 °C/1 min. The final extension was at 72 °C for 10 min.

Semi-nested PCR using primers specific to the 16 s rRNA gene of mollicutes was performed for the detection of mycoplasma in cell lines. Primers were designed as mentioned previously ([@bib0105], [@bib0200]). Briefly, primers My-1-ACGGCCCADACTYCTACGGRAGGCAGCAGTA and My-2-CCRTGCACCAYTTGTCWHHHBGWWAACCTC were used for the first PCR. After initial denaturation for 3 min at 94 °C, the remaining 40 PCR cycles were at 94 °C/30s, 64 °C/30 s and 72 °C/1 min. The final extension was at 72 °C for 10 min. Primers My-2 and My-3-GTAATACATAGCTCGCAAGCGTTATC were used for the second PCR. After initial denaturation for 3 min at 94 °C, the remaining 35 PCR cycles were at 94 °C/30s, 60 °C/30 s and 72 °C/1 min. The final extension was at 72 °C for 10 min.

For IFN beta quantification, qPCR assays targeting the IFN beta transcripts and the normalizer (GAPDH, Glyceraldehyde-3-phosphate) were performed for the clones. Stratagene tm)s MX3005P PCR (Stratagene, USA) cycler was used in conjunction with Quantifast SYBR Green PCR kit (QIAGEN). Primers used were Interferon beta (BBB_IFNbeta-F-GCTCCGATTCCGACAGAGAAGCA and BBB_IFNbeta-R-ATGCATGACCACCATGGCTTC) and GAPDH (BBB_GAPDH-F-GGAGCGAGATCCCGCCAACAT and BBB_GAPDH-R- GGGAGTTGTCATACTTGTCATGG). Primers were designed using the annotated *E. fuscus* genome (NCBI, Accession No. Interferon beta: [XM_008145044.1](ncbi-n:XM_008145044.1){#intr0020} and GAPDH: [XM_008144826.1](ncbi-n:XM_008144826.1){#intr0025}). Samples were prepared as previously mentioned ([@bib0160]). The products were quantified based on the amount of relative IFN beta expression. Briefly, cells were either transfected with 750 ng/ml poly(I:C) (InvivoGen, USA) using Lipofectamine 2000 (ThermoFisher Scientific, USA) or mock transfected. For quantifying PED-CoV transcripts, primers were designed to amplify the PED-CoV nucleocapsid (N) gene (GenBank accession number [KF272920](ncbi-n:KF272920){#intr0030}), (PEDV-s GCAACAACAGGTCCAGATCTC) and (PEDV-r CTCCACGACCCTGGTTATTTC). For qPCR, after the initial denaturation step of 95 °C for 10 min, the remaining 40 cycles were at 95 °C/30 s, 55 °C/1 min and 72 °C/1 min. The absorbance reading was taken after the 55 °C step. Relative fold change in gene expression between the two groups of cells was calculated and plotted after normalizing the Ct values for IFN beta using GAPDH. Three housekeeping genes were tested (GAPDH, beta-actin and beta-2-microglobulin) and none showed variation between treated and mock treated samples. Thus GAPDH was used for normalizing the data. Difference of one Ct indicates a two-fold difference in gene expression.

PCR and qRT-PCR products were confirmed on a gel and sequenced (Macrogen, South Korea). Reaction efficiencies for qRT-PCR primers were calculated to be between 95 and 105%.

2.7. Cell division {#sec0045}
------------------

Total number of viable cells was determined by using a hemocytometer to count viable cells by trypan blue exclusion method. Cells were cultivated in 6-well plates, trypsinized and re-suspended in media at every time point.

2.8. Virus replication {#sec0050}
----------------------

Efk3 parental cell line and three subclones were inoculated with VSV-Indiana strain (Dr. Ellis tm) lab at the University of Saskatchewan), HSV, PED-CoV (Dr. Zhou tm)s lab at Vaccine and Infectious Disease Organization • International Vaccine Center (VIDO-InterVac)), and MERS-CoV (strain EMC/2012, Dr. Fouchier at Erasmus Medical Center in the Netherlands). For VSV inoculations, WST~50~ concentration of the virus was used to infect the cells, which were seeded in 12 well plates at a concentration of 2 í 10^5^  cells/well. WST~50~ was determined as that dilution of virus that produced 50% cell death as measured using the WST-1 assay. WST-1 assay is similar to the MTT assay ([@bib0080]). Briefly, cells were seeded in 96 well plates at a density of 1 í 10^4^/well and analyzed with the WST assay at the indicated time points. 10 α/4l WST-1 reagent (Roche, USA) was added to each well and incubated at 37 °C for 1 h. Colour developed was measured at 450 nm with a reference wavelength of 650 nm using Molecular Devices Vmax spectrophotometer. Intensity of the colour developed is directly proportional to the number of viable cells in the wells. Cells cultured in 12-well plates were inoculated with 100 α/4l virus (VSV) for 1hr, rinsed with sterile PBS and medium replaced with DMEM containing 10% FBS. Cells and the supernatant were harvested at 4 and 48 h post infection and frozen at ∧80 °C. After freeze-thawing the supernatant and cells three times, virus from Efk3 parental cell line and the subclones was titrated in Vero cells using the WST~50~ assay. Virus was quantified using the WST~50~ assay and formula as described by Heldt et al. ([@bib0080]). For HSV titration, MRC5, Efk1B, Efk2F and Efk3 B subclones were seeded in triplicates at a concentration of 2.5 í 10^5^  cells/well in 6 well plates. The cells were inoculated with HSV at a multiplicity of infection (MOI) of 1. Viral inoculum (0.5 ml) was replaced with complete medium and plates frozen at 0 and 24 h post inoculation. Plates were freeze-thawed 3x, transferred to 15 ml tubes and centrifuged at 2000 rpm for 5 min. Supernatant was collected and serially diluted 1:10 down to 10^∧6^ and titrated in Vero cells (1 í 10^5^  cells/well in 24-well plates). For quantifying the virus, 100ul of diluted virus was added to the wells and incubated for an hour. The inoculum was replaced with 0.5 ml of DMEM + 1% pooled human serum (MP Biomedical Cellect). Plaques were counted under the microscope 5 days later.

Multistep replication kinetics were determined by inoculating wells of cells in triplicate with MERS-CoV (strain EMC/2012) with a MOI of 0.01, 50% tissue culture infectious dose (TCID~50~) per cell. One hour after inoculation, cells were washed once with DMEM and culture medium replaced. Culture supernatants were sampled at 0, 24, 48, 72, 96 and 120 h after inoculation. MERS-CoV was titrated by end-point titration performed in quadruplicate using Vero E6 cells cultured in DMEM supplemented with 2% fetal calf serum, 1 mM L-glutamine (Lonza, USA), 50 U/ml penicillin and 50 α/4g/ml streptomycin. Cells were inoculated with ten-fold serial dilutions of virus, and scored for cytopathic effect 5 days later. The TCID~50~ was calculated by the method of Spearman-Karber ([@bib0065]).

For PED-CoV infection, cells were seeded in 24-well plate at a density of 1.2 í 10^5^/well and cultured overnight. Cells were inoculated with PED-CoV at an MOI of 1. Cells were harvested and total RNA extracted at 0, 24, 48, 72 and 96 h. Virus replication was quantified by qRT-PCR.

2.9. Statistics {#sec0055}
---------------

Significance between T-ag data was calculated by Mann Whitney *U* test for two independent samples using IBM SPSS (Version 21).

3. Results {#sec0060}
==========

3.1. Characterizing the MyPVTag (*Myotis polyomavirus* large-T antigen) {#sec0065}
-----------------------------------------------------------------------

The *SV40* large T-antigen is well characterized and is known to enhance DNA replication in cells ([@bib0015]) and immortalize primary cells ([@bib0040]). Our laboratory has previously detected a novel polyomavirus in *M. lucifugus* ([@bib0135]). To determine if the *Myotis polyomavirus* T-ag shared the ability of its *SV40* homologue to induce DNA replication, we transfected Vero cells with plasmids encoding genes for the two T-antigens. We then confirmed that cells expressed T antigen by immunostaining and compared the DNA content of T antigen expressing cells with cells transfected with the pcDNA null plasmid. [Fig. 1](#fig0005){ref-type="fig"} shows cells expressing *Myotis polyomavirus* and *SV40*T antigen contained more DNA than cells transfected with pcDNA plasmid. SV40Tag expressing Vero cells showed the highest increase in DNA content.Fig. 1Transfection with *SV40* and MyPV T-antigens increases DNA content in cells. Vero cells were transfected with plasmids expressing either SV40Tag, MyPVTag or empty vector (pcDNA). Twenty-four hr after transfection, cells were immune-stained for cytoplasmic T-antigen and with propidium iodide to quantify DNA. The DNA content of T-antigen and pcDNA transfected cells was determined by flow cytometry and expressed as the fold increase in DNA content relative to pcDNA transfected cells. The ratio for cells transfected with pcDNA was taken as '1′. Experiments were done in triplicate and mean values plotted. Error bars represent standard deviation. Statistical difference was calculated using Mann-Whitney *U* test for two independent samples. \* \< 0.05.Fig. 1

3.2. Establishing and immortalizing *E. fuscus* kidney cells {#sec0070}
------------------------------------------------------------

We attempted to immortalize primary cells derived from the kidney of *E. fuscus* by transfection with plasmids expressing SV40Tag, MyPVTag or empty vector (pcDNA). We observed clusters of cells in cultures transfected with either T-ag but after several passages, only the MyPVTag transfected primary cells (Efk) continued to replicate. The immortalized Efk cell line was cloned by limiting dilution to generate three clones (Efk1, 2 and 3). 8 clones were further isolated by end point dilution of Efk1, Efk2 and Efk3 cells. We established the clones as separate cell lines and characterized representative clones from each of the three clones i.e. Efk1, Efk2 and Efk3, along with the parental Efk3 cells for their cell type markers, interferon beta response, virus susceptibility and cell division rates. We determined the number of chromosomes in Efk•3 B to rule out the possibility of chromosome number abnormality in immortalized cells (Supplementary Fig. 1). Efk•3 B had 2n = 50 chromosomes, which is normal for genus *Eptesicus* ([@bib0055]).

3.3. Lineage of the Efk clones {#sec0075}
------------------------------

We screened the clones for cytokeratin, a lineage-specific marker for epithelial cells ([@bib0195]) and vimentin, a lineage marker for fibroblasts ([@bib0210]). Since specific antibodies are not available for bat cytokeratin and vimentin, we used antibodies specific to the human proteins. No positive staining of the bat clones was observed with either anti-vimentin or anti-cytokeratin antibodies when cells were analyzed with flow cytometry (data not shown). We then screened the cell lines for expression of vimentin and cytokeratin transcript by conventional PCR. Five of the eight clones analyzed contained detectable transcripts for both cytokeratin and vimentin. In contrast, only vimentin transcripts were detected in primary Efk cells at passage 8 ([Table 1](#tbl0005){ref-type="table"} ).Table 1Transcripts for cell lineage markers vimentin (fibroblast) and cytokeratin (epithelial) are expressed by the Efk clones. The ability of the cells to respond to poly(I:C) treatment with increased IFN beta gene expression was detected by qRT-PCR. Along with the clones, a parental cell line (Efk3) and primary kidney cells (Efk; not transfected with either T-ag) were compared. + = PCR product detected, ∧ = no PCR product detected.Table 1CloneMarker type • CytokeratinMarker type • VimentinIFN beta fold increase1H∧+6,517.032A∧+33,225.422B++18,432.951A++39,786.731B∧+61,572.561E++6,746.852F++42,938.973B++7,912.95Efk3 (uncloned)∧+10,155.68Efk (primary cells)∧+60,100

3.4. Interferon beta production {#sec0080}
-------------------------------

We characterized the Efk clones for their capacity to respond to polyinosinic-polycytidylic acid (poly(I:C)), a synthetic analogue of double-stranded RNA ([@bib0130]), through analysis of interferon beta transcription. Poly(I:C)-treated primary Efk cells displayed an average of 60,000-fold increase in interferon beta transcripts when compared to mock transfected cells. All clones displayed increased interferon beta transcription following poly(I:C) treatment, with the level of increase ranging from six thousand to over sixty thousand. ([Table 1](#tbl0005){ref-type="table"}).

3.5. Cell multiplication rates {#sec0085}
------------------------------

All clones displayed similar multiplication rates when assayed with the WST-1 reagent (data not shown). We determined the cell division rates of three subclones (1B, 2F and 3B) and the parental Efk3 cell line by counting viable cells using a hemocytometer at various time points after seeding ([Fig. 2](#fig0010){ref-type="fig"} ). The three clones and parental cell line (Efk3) did not differ from one another in their multiplication rates.Fig. 2Efk3 and Efk clones multiplication curve. The cell division curve for the three clones and Efk3 parental cell line was determined by counting viable cells at the indicated time-points.Fig. 2

3.6. Efk cells competence for virus infection {#sec0090}
---------------------------------------------

We evaluated the Efk3 parental cell line and three clones (1B, 2F and 3B) for their competence in supporting VSV, HSV, PED-CoV and MERS-CoV replication. As a positive control, Vero cells were infected with MERS-CoV and PED-CoV and MRC5 cells were infected with HSV and VSV. VSV caused rounding, sloughing and detachment of MRC5 cells in culture, PED-CoV caused syncytia in Vero cells and MERS-CoV caused rounding and sloughing off of Vero cells. Cytopathic effects (CPE) such as plaques or rounding and sloughing off of cells following infection with VSV and MERS-CoV was observed with all Efk clones. Two of the three clones responded to PED-CoV infection with cytopathology. In contrast, Efk-2F did not exhibit noticeable CPE 24 h.p.i. with PED-CoV ([Fig. 3](#fig0015){ref-type="fig"} ). The positive control cell lines exhibited CPE 24 h.p.i. following infection with the respective viruses.Fig. 3CPE observed in Efk cells. CPE observed following infection with MERS-CoV, VSV and PED-CoV is indicated by arrows.Fig. 3

4. Discussion {#sec0095}
=============

The evolutionary pressures of flight are thought to have conferred upon bats unique physiological adaptations. Most viruses that have been transmitted from bats to other species have been studied in animal models of human disease or in cell lines of non-bat origin. In addition, most *in vitro* studies of mammalian innate immune and anti-viral responses have been performed in human and rodent cell lines. The results from these studies may not accurately represent pathogen-host interactions that occur in bats. Establishing bat cell lines enable researchers to study relevant virus-host interactions in a system that more closely resembles the reservoir host. Cell lines have been established from fruit bats ([@bib0040], [@bib0185]), *Myotis myotis* ([@bib0075]), *Tadarida brasiliensis* and other insectivorous bats ([@bib0120]). Primary embryonic cells have been developed from *E. fuscus* ([@bib0155]) but an immortalized *E. fuscus* cell line capable of supporting the replication of viruses from three diverse viral families is not commercially available yet.

Historically, cells have been immortalized by either using the large T-antigen from *SV40*, which is a monkey virus or by the ectopic expression of hTERT. We characterized the MyPVTag and SV40Tag tm)s ability to enhance DNA replication in cells. Both MyPVTag and the SV40Tag significantly increased DNA content in Vero cells. *SV40* T-ag is known to enhance DNA content in cells ([@bib0145], [@bib0005]) and interestingly the bat polyomavirus T-antigen shared similar properties. *Myotis polyomavirus* belongs to the same family as *SV40*. Large T-ags from both these viruses were transfected to immortalize the *E. fuscus* kidney cells, but only cells expressing MyPVTag gave rise to stable cell lines. We do not know why SV40Tag failed to immortalize bat cells. However, it might be possible that the expression of MyPVTag, derived from a virus found in this bat, could have been favored by the cellular machinery over the SV40Tag derived from *SV40*, which has not been detected in big brown bats yet.

Clones 2B, 1A, 1E, 2F, 3B expressed transcripts for lineage-specific proteins of both epithelial and fibroblast cells and Clones 1H, 2A and 1B expressed mRNA for vimentin. Since primary bats cells at passage 8 had detectable transcript for vimentin alone, it is possible that the immortalization procedure may have altered transcription in some of the clones. There is evidence, however, that tumor cells can co-express both epithelial and fibroblast markers ([@bib0180]). It is also possible that MyPVTag immortalized a mixture of both epithelial and fibroblast cells and the epithelial cells had a replication advantage during the process of limiting dilution cloning. When cells were being passaged, some cells were more strongly adhered to the plastic and were not removed by trypsinization. This process could have selected for particular cell types based on their adherent properties.

Relatively little is known about the innate immune response of insectivorous bats to viral infection. We were able to generate an insectivorous bat cell line capable of upregulating IFN beta gene expression in response to a known innate immune stimulus. An early interferon response is known to inhibit replication of some viruses ([@bib0095]). Interferon response in terms of interferon beta transcript upregulation by bat cell lines, mostly cell lines from fruit bats, has been demonstrated before ([@bib0060], [@bib0040], [@bib0025], [@bib0185]). We analyzed the capacity of the Efk clones to respond to poly(I:C) stimulation by monitoring interferon beta gene expression. This synthetic analogue of dsRNA is usually used as a pathogen-associated molecular pattern (PAMP) to stimulate interferon responses ([@bib0040]). The clones responded to poly(I:C), as we observed a several thousand-fold increase in interferon beta transcript when compared to mock treated cells. Immortalization of cells is sometimes known to compromise the ability of the cells to transcribe the interferon beta gene ([@bib0025]). The Efk clones, however, retained a remarkable but variable capacity to respond to poly(I:C).

West Nile virus, Eptesipox virus, novel group I coronavirus and American bat vesiculovirus are examples of viruses that have been detected in *Eptesicus fuscus* ([@bib0045], [@bib0140]). The ability of this cell line to support the replication of viruses from three different viral families demonstrates the potential application of this cell line to isolate and study viruses in bats that have previously only been detected using PCR and sequencing. Further work can be done to identify receptors specific to these viruses. VSV, HSV, PED-CoV and MERS-CoV grew to varying levels in the Efk clones. Clone 2F did not exhibit any visual cytopathology on infection with PED-CoV although virus replication was detected by qRT-PCR. This could be due to a lower level of virus replication in 2F ([Fig. 4](#fig0020){ref-type="fig"} D) as the images ([Fig. 3](#fig0015){ref-type="fig"}) were taken 48 h post-infection. At this point we do not know if 2F mounts a more robust interferon response or if it lacks other factors required for PED-CoV replication during the initial 48 h post-infection.Fig. 4Efk clones support replication of viruses. The amount of virus (or viral nucleic acid) produced by Efk cell clones was measured by determining log~10~ TCID~50~ (MERS-CoV [Fig. 4](#fig0020){ref-type="fig"}A), WST~50~ (VSV, [Fig. 4](#fig0020){ref-type="fig"}B), plaque assay (HSV, [Fig. 4](#fig0020){ref-type="fig"}C) and qRT-PCR (PED-CoV, [Fig. 4](#fig0020){ref-type="fig"}D). The data confirm that the viruses replicated in the Efk cell lines as well as the relevant positive control cell lines (Vero, MRC5).Fig. 4

In conclusion, we established a stable kidney cell line from a northern latitude bat, which has the capacity to respond to a known innate immune stimulus with transcription of IFN beta. Furthermore, this cell line supported the replication of viruses from three virus families known to be harbored by bats. Not much is known about innate immune responses in bats and how they are activated during viral infections. Establishing well-characterized cell lines from relevant bat reservoir species is the first step in addressing the many questions that researchers have about innate immunity in bats ([@bib0020], [@bib0140]). This cell line will help us better understand the bat innate responses and how they may contribute to the absence of overt disease symptoms when bats are infected with these viruses.
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